Background: It is estimated that approximately 50% of stroke survivors will experience swallowing difficulty, or dysphagia. The associated sequelae of dysphagia include dehydration, malnutrition, and aspiration pneumonia, all of which have can have serious medical consequences. To improve swallowing safety and efficiency, alternative nutritional intake methods (for example, a feeding tube) or a modified diet texture (such as pureed foods or thickened liquids) may be recommended but these modifications may negatively affect quality of life. An alternative approach to treating dysphagia has emerged over the past few years, targeting stronger lingual muscles through maximal isometric pressure tasks. Although these studies have shown promising results, thin-liquid bolus control continues to be challenging for patients with dysphagia. Previous work investigating lingual pressures when healthy participants swallow has suggested that greater task specificity in lingual exercises may yield improved results with thin liquids.
Background
Drinking thin liquids is something that most of us take for granted, yet this task is one that many patients with dysphagia (swallowing impairment) cannot do safely. Instead, these individuals receive liquids in thickened form: thickened juice, thickened coffee, and even thickened water [1] . The literature tells us that patients dislike the taste and feel of thickened liquids and find that their thirst is not quenched. Patients on a diet with thickened liquids are prone to inadequate fluid intake and dehydration [2, 3] . Many patients are noncompliant and drink thin liquids, despite documented risk of aspiration (that is, airway invasion) and its consequences [4] . Given these limitations, it is important that dysphagia researchers continue to pursue treatments with the potential to restore safe and functional thin-liquid swallowing in people with dysphagia.
In the past decade, tongue pressure resistance training has emerged as an innovative treatment for dysphagia. Robbins has shown that 8 weeks of intensive tongue pressure resistance training improves tongue strength in healthy seniors and those with both chronic and acute dysphagia following stroke [5, 6] . In these studies, she had the participants complete an 8-week tonguestrengthening training protocol with an Iowa oral performance instrument (IOPI). Her findings included significantly improved isometric tongue pressures and swallowing pressures in all of the three populations that she studied (healthy participants, acute dysphagia, and chronic dysphagia). Although significant gains were made in airway protection, as judged by reduced scores on the penetration-aspiration scale [7] , it is of ongoing concern that people with dysphagia after a stroke often have difficulty controlling the flow of thin liquids. Early arrival of a liquid bolus in the pharynx, secondary to poor oral control, represents a risk of penetration-aspiration (entry of material into the airway) [8] .
Prior case series studies [9] [10] [11] have shown that patients who have completed a tongue pressure strengthand-accuracy resistance training protocol (TPSAT) showed improvements in tongue strength and aspiration. However, participants in these studies were not specifically recruited based on evidence of impaired liquid flow control, so the impact of the protocol on this feature could not be clearly elucidated. An analysis of patients treated to date in our lab suggests that approximately 30% of participants who complete the TPSAT protocol experience functional improvements in swallow response time for thin-liquid swallows. We speculate that strength-focused tongue pressure resistance tasks might lack sufficient task specificity to target improved liquid flow-control outcomes directly. We think that tongue pressure resistance training protocols would yield improved swallowing outcomes if they were modified to focus on tasks with similar pressure profiles (strength and timing) to those seen in healthy liquid swallowing.
To investigate this hypothesis, we have completed a study of tongue pressures (strength and timing) in healthy people, which shows that tongue pressures are released more slowly with thin liquids than with thick liquids [12] . This finding reveals active control of thin-liquid flow, and suggests that both the strength and timing of tongue pressure play a role in flow control. We believe that treatment outcomes would be better if tongue pressure resistance training protocols take both strength and timing into consideration. To this end, we have recently identified a subset of tongue pressure training tasks for which the strength and timing profile of tongue pressure onset and release is similar to that seen in liquid swallowing in healthy individuals [13] . We hypothesize that a treatment protocol will have better potential to yield favorable outcomes for thinliquid flow control if it focuses on such tasks.
Methods/design

Study objectives
The primary objective of this study is to explore whether tongue pressure resistance training can be used to improve impairments in thin-liquid flow control for individuals with neurogenic dysphagia. To measure thinliquid flow control, we will calculate the duration that a thin liquid is located in the pharynx prior to the onset of hyolaryngeal movement for airway protection; this measure is also known as the swallow response time [8] . Swallow response times in aspirating stroke patients have recently been reported to be significantly longer (620 ms ± standard error of 160 ms) than those seen in nonaspirating patients (20 ms ± 100 ms) [8] . In this study, we want to determine whether TPPT, which addresses both timing and amplitude issues in tongue pressure generation, yields better functional outcomes with respect to swallow response time than strength-and-accuracy focused treatment. The ultimate goal of this work is to develop interventions that restore functional swallowing ability in individuals who are unable to swallow thin liquids safely.
Study design
This study is a small, exploratory randomized trial comparing treatment outcomes for two tongue pressure resistance training protocols: TPPT focuses on tongue pressure strength and timing, whereas TPSAT emphasizes target accuracy during strength tasks. Both protocols build on recent tongue pressure resistance training studies, which emphasized load and intensity, and are informed by physiological principles of muscle training through exercise.
Each training protocol consists of 24 intervention sessions, in addition to a baseline measurement session, a baseline videofluoroscopic swallowing study (VFSS), and an outcome VFSS. The VFSS outcomes will be measured using a series of three teaspoon-sized boluses of thinliquid barium (Liquid Polibar diluted with water to a 22% w/v concentration).
Each training program will be delivered as two or three sessions per week on nonconsecutive days, commencing directly after enrollment. The outlines of the TPPT and TPSAT sessions are illustrated in Figures 1  and 2 , respectively. Tongue-palate pressure tasks are performed with the IOPI bulb placed in both an anterior position (that is, with the flat end of the bulb positioned immediately behind the upper incisors) and a posterior position (that is, with the flat end of the bulb lined up with the first molar tooth). Although the tasks vary between the two protocols, the total number of exercise repetitions is held constant between the two protocols at 60 exercises per session. For the slow pressure release tasks in the TPPT protocol, the instruction is for the participant to release pressure gradually from a peak to a resting value, spanning at least a 3-second interval. The bolus-swallowing tasks included in the TPPT protocol involve a series of five discrete swallows, each 5 ml in volume, of the thinnest liquid consistency (either thin, nectar-or honey-thick liquid) that can be safely tolerated by the patient, as determined by the intake VFSS examination. A rest period of at least 30 seconds is provided between each swallow.
With the exception of the bolus trials in the TPPT protocol, all tasks are performed using an IOPI. We have developed a computer interface that displays the IOPI waveform in real time on a computer-displayed graph to give visual biofeedback to the participant for all tasks.
All enrollment procedures, screening and training sessions will be conducted by a registered speech-language pathologist or a support worker (for example, a Communicative Disorders Assistant) under the direct or indirect supervision of a speech-language pathologist. All VFSS assessments will be conducted by a speech-language pathologist in conjunction with a radiation technologist.
Study sites
This study is being conducted in two publicly funded rehabilitation centers in Ontario, Canada: the Toronto Rehabilitation Institute -University Health Network and the Kitchener-Waterloo Local Health Integration Network #3. Each of these settings has a neurorehabilitation program that provides inpatient and outpatient services.
Ethical approval
This research protocol was reviewed and approved by the Toronto Rehabilitation Institute Research Ethics Board (#10-027), and the Tri-Hospital Research Ethics Board for Cambridge Memorial Hospital, Grand River Hospital and St. Mary's General Hospital (#2012-0474).
Study population
The participants enrolled in this study will have a primary diagnosis of stroke, as well as dysphagia presenting with prolonged swallow response time for thin liquids. Impaired swallow response time will be operationally defined as the presence of thin liquid in the pharynx (that is, below the shadow of the ramus of the mandible) for >350 ms prior to the onset of hyolaryngeal excursion. This threshold value falls halfway between the reported 95% confidence intervals for non-aspirating and aspirating stroke patients in a recent study [8] . We will measure this parameter on 5 ml swallows of thin-liquid barium using a cued swallow instruction. Participants must be patients (inpatient or outpatient) in one of the two participating rehabilitation settings to be enrolled in the study. Additional inclusion and exclusion criteria are detailed.
Inclusion criteria
To be included in the study, each participant must be able to understand English, be able to follow directions, and be able to tolerate oral trials under the supervision of a therapist. This is likely to exclude individuals with brainstem strokes, for whom swallowing is often profoundly impaired and oral trials are often unsafe. Additionally, to control for spontaneous recovery, enrollment into the study must occur at least four weeks after dysphagia onset and not more than 20 weeks following dysphagia onset. Within this enrollment window, a VFSS must be completed and recorded. The VFSS recording will then be scored by a speech-language pathologist to determine whether poor bolus control is present, as indicated by swallow response times >350 ms on teaspoon-sized volumes of thin-liquid barium. This will confirm eligibility to participate.
Exclusion criteria
Participants will be excluded for safety reasons, if they are pregnant, have any known allergies to chemicals, latex, or materials commonly found in a dentist's office, or have an in-situ tracheostomy. Additional exclusion criteria are applied to ensure that the data are strictly measuring dysphagia in stroke patients only. These criteria are: no history of major surgery to the head, neck or mouth (other than routine tonsillectomy or previous tracheostomy); no known history of progressive neurological disorder (for example, Parkinson's disease, multiple sclerosis); and no current or concurrent use of oral motor exercises targeted at improving swallowing.
Note that the participant's diet is neither an inclusion nor an exclusion criterion; participants may be on an oral or non-oral diet with or without texture modifications or recommended compensatory strategies and participate in the study provided they meet the inclusion criteria. Furthermore, the participant's recommended diet texture can be changed at any time during the protocol, provided it is clinically warranted.
Enrollment
Enrollment is currently in progress; the targeted completion date is 2014.
Randomization
During the intake procedure, participants will be randomly assigned to either the TPPT or TPSAT treatment conditions using a sequence generated by www. randomizer.org. Randomization will be concealed using sequentially numbered, opaque sealed envelopes.
Blinding
It is not possible to blind the participants or treating clinicians to the condition given the protocol differences in the two arms of the trial. All data analysis, including treatment outcome, will be blinded. For VFSS rating, individual swallow clips for the first three teaspoon-sized boluses of 22% w/v thin-liquid barium will be spliced from the recordings for each participant, and arranged in a randomized order in a master rating set. Two blinded speech-language pathologists will review and rate these recordings.
Outcome measures
Three types of data will be collected in this study: tongue pressure parameters, measures of swallow response time from videofluoroscopy, and measures of swallowing safety from videofluoroscopy. We will collect baseline and post-treatment pressure parameters (amplitude, duration, and slope) for the rise and release phases of tongue pressure events during three reference tasks (non-effortful saliva swallows, effortful saliva swallows, and posterior maximum isometric pressure tasks).
Videofluoroscopic measures will be collected at baseline and after treatment using a standardized videofluoroscopy protocol recorded on a KayPentax Digital Swallow Workstation at 30 frames per second. Two parameters will be rated for each spliced 5 ml thin-liquid barium (22% w/v) swallow:
1. Swallow response time (that is, the time difference between the arrival of the bolus head at the mandibular ramus and the onset of hyolaryngeal excursion, calculated in milliseconds, based on the time code of the video recording. 2. A measure on the eight-point penetration-aspiration scale [7] , which determines the severity of and response to entry of the bolus into the airway.
The primary outcome variable of interest will be a measure of the participant's average swallow response time across a series of three thin-liquid swallows (each 5 ml in volume). The targeted outcome will be an average swallow response time value shorter than 350 ms.
Sample-size calculation
Our prior study of treatment outcomes from the TPSAT suggests that one-third of patients in the control group are likely to exhibit improvement in the primary outcome variable (average swallow response time above vs. below 350 ms). A sample-size calculation was conducted using Study Size Software 2.0, modeling the expectation (in a 2 × 2 contingency table) that the TPPT treatment will yield a greater rate of improvement, that is, in at least 66% of participants, than the current 30% response rate seen in cases accrued in our lab in historical studies. Under these assumptions, a sample-size calculation shows that 29 participants per group are needed to demonstrate a significant difference in rate of improvement at a P value of 0.05 and a power of 0.8. Therefore, we have established a targeted sample size of 60 participants (30 participants per protocol).
Data processing and analysis
The proposed analysis of differences in pressure measures will be a 2 (group) × 3 (task) × 2 (measurement point) repeated measures mixed-model analysis of variance. We will perform this analysis using SPSS's mixed modeling procedure, which will allow us to model the covariance structure of the data accurately.
From the VFSS measures, the primary measure of interest will be a binary reduction of the participant's mean swallow response time measure (less than or more than 350 ms). We will also record whether or not the participant's worst penetration-aspiration scale score across the series of three teaspoon-sized boluses of thin-liquid barium is less than or more than 3, representing material remaining above and inside or below the supraglottic space, respectively, as the measure of swallowing safety. Two-by-two tables with chi-square tests will be used to test for differences in the proportion of participants in each treatment group with impaired versus normal swallow response time at the post-treatment VFSS, and also the proportion in each group who display impaired swallowing safety. Odds ratios for reduction in swallow response time and improved swallowing safety will be computed.
Discussion
Individuals suffering from dysphagia have limited treatment options. Alternative feeding methods such as PEG-tubes (percutaneous endoscopic gastrostomy) or modifying the diet texture may not always be appropriate or desirable, given the potential risks and implications for reduced quality of life. Unlike these two options, this protocol actively works to rehabilitate the tongue's ability to control thin boluses, with the goal of the individual being able to consume thin liquids safely. This study has been designed to build on previous work examining tongue pressure patterns in healthy controls to identify tasks that might help a post-stroke clinical population. If found to be effective, the TPPT protocol could inform the types of tasks required to optimize dysphagia therapy and recovery for individuals with tongue impairment following stroke. Future research might identify the optimal timing, duration and frequency for TPPT interventions and the implications (for example, cost, quality of life, overall health) of TPPT as compared with PEG-tube feeding or modified texture diets.
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